The effect of three different anion channel inhibitors, namely (5-nitro-2-3-phenylpropyl-amino)benzoic acid (NPPB), Zn 2+ and anthracene-9-carboxylic acid (A-9-C) on the action potential in the liverwort Conocephalum conicum were tested. All three caused an increase of the excitability threshold and a decrease of action potential amplitudes. This confirms the involvement of anion channels in the action potentials in Conocephalum. In plants treated with 1 or 2 mM A-9-C but not with NPPB ( 
The liverwort Conocephalum conicum belongs to the rather few plants which generate action potentials (APs) in response to light stimuli. Sudden darkening of the thallus evokes a transient hyperpolarization of the membrane potential not exceeding -20 mV, whereas illumination leads to the appearance of a transient depolarization apAbbreviations: A-9-C, anthracene-9-carboxylic acid; AP, action potential; NPPB, (5-nitro-2-3-phenylpropylamino)benzoic acid; TEA, tetraethylammonium; VT, light-induced voltage transient.
proximately symmetric to the response caused by darkening. These effects depend on light intensity and wavelength (Trebacz et al. 1989a ). The depolarization evoked by a light stimulus plays the role of a so-called generator potential which-if strong enough-triggers the AP. The action spectrum of light-induced generator potentials and the effect of DCMU indicate that the light stimulus is received in the chloroplasts and, via unknown cytoplasmic factors, transduced to the plasma membrane (Trebacz et al. 1989a) . In contrast to generator potentials, the AP amplitude does not depend on the light intensity (Trebacz and Zawadzki 1985) . One can even switch off the light just after exceeding the excitability threshold and the AP keeps on developing in darkness until the full amplitude is reached. This illustrates the obeying of the all-or-none law (Wayne 1994) . Light-triggered APs have the same shape as APs evoked by electrical stimuli. It is impossible to evoke an AP by light when the plant is in the refractory period after being excited by an electrical stimulus and vice versa. APs triggered by light and electricity are blocked by LaCl 3 and TEA (Trebacz et al. 1989b) . It seems thus reasonable to postulate that APs in Conocephalum have the same nature no matter if evoked by light or electrical stimuli (Trebacz and Zawadzki 1985, Trebacz 1989) .
Our recent investigations (Trebacz et al. 1994 ) have shown that the ionic basis of the APs in Conocephalum is similar to that proposed for Chara and Nitellopsis (Gaffey and Mullins 1958 , Lunevsky et al. 1983 , Kikuyama et al. 1984 , Wayne 1994 . Similarly to characean cells a significant increase in the cytoplasmic free Ca 2+ concentration takes place during APs (Trebacz et al. 1994) . The Ca 2+ influx is an early event in the electrogenesis of APs as Ca 2+ antagonists like La 3+ and Mn 2+ completely abolish the excitability (Trebacz et al. 1989b) . A slight decrease of the cytoplasmic Cl~ activity was measured during APs in approximately 30% of experiments with ion selective microelectrodes, which points to the participation of Cl~ channels in generation of APs in the liverwort.
Here we demonstrate the effects of three different anion channel inhibitors NPPB, Zn 2+ and A-9-C on APs in Conocephalum. Plants treated with A-9-C exhibited a light-induced transient depolarization not observed up to now in Conocephalum which was closer examined.
Materials and Methods
Young thalli of Conocephalum conicum L. (10-14 days old) cultivated in a greenhouse of the Botanical Institute of the University of Wiirzburg or in a greenhouse of the Department of Plant Physiology, Maria Curie-Sklodowska University in Lublin were used in experiments. Plants were detached from ground and rinsed several times with water to remove soil. Thalli prepared in this way were mounted in the experimental chamber inside a Faraday cage and remained in light immersed for more than 2 h in the standard medium containing 1 mM KC1, 0.1 mM CaCl 2) 50 mM sorbitol, 2 mM MES/Tris pH 7.0 flowing through the chamber with a velocity of approximately 50mlmin~'. The incubation was required for the restoration of the excitability which, for unknown reasons, was lost or strongly reduced soon after the rinsing.
Glass microelectrodes filled with 3 M KC1 were prepared as described before (Trebacz et al. 1994 ). An Ag/AgCl type reference electrode had contact with the medium through a salt bridge (3 M KC1). The electrodes were connected to an amplifier (FD 223, World Precision Instruments, New Haven, CT). The potential difference was recorded by a pen recorder (model 314, Kontron, Munich, Germany). Electrical stimulation was provided through two sharpened silver wires (0.1 mm in a diameter) inserted into the thallus and connected through a switch to a regulated DC source. The cathode was located 7-10 mm from the site of a microelectrode insertion. Plants were illuminated by a cold light source (KL 1500, Schott, Germany) equipped with a light conducting fibre, or by a xenon lamp (XBO 101, Wetron, Germany) equipped with an interference and a water filter. The photon fluence rate was measured at the plant surface with a quantummeter (LI-189, LI-COR, U.S.A.).
The microelectrodes were inserted perpendicularly to the surface of the thallus usually into a cell of the second layer. During the first hour of an experiment plants immersed in the standard solution were stimulated every 10 min with electrical or light stimuli in order to register control APs and light-induced generator potentials and to determine the threshold of excitation. Afterwards the standard solution was exchanged within 10 s to a test solution containing an inhibitor and the stimulation was continued with the same frequency. Separate control experiments were performed during which plants being in the standard medium were subjected to stimulation for 5 hours. They were designed to check the effect of long lasting incubation in a water solution on APs and generator potentials.
To dissolve NPPB (from Hoechst AG, Frankfurt, Germany) in the standard medium a stock solution in ethanol was used. Ethanol concentration in the test solution did not exceed 0.25%. A-9-C was dissolved in NaOH. The resulting alkalization of the medium was adjusted to 7.6 with H2SO4. Final Na + concentration in the medium was 4 mM. If A-9-C was dissolved in KOH instead of NaOH the same results were obtained. Control experiments with NaOH and H 2 SO 4 added to the standard medium in the same concentration as used in the solution with A-9-C showed no effect.
Each type of experiment was repeated at least three times and typical measurements are displayed. All traces presented in the figures were copied from originals by a scanner.
Results
Effects of NPPB, ZnCl 2 and A-9-C on action potentials in Conocephalum-We applied three different anion channel inhibitors NPPB, Zn 2+ and A-9-C frequently used in animal and plant electrophysiology (Shiina and Tazawa 1987 , Keller et al. 1989 , Paulmichl et al. 1993 , Schroeder et al. 1993 , Sauer et al. 1994 .
NPPB was applied at concentrations of 50 and 100 fiM. Within 60 min after starting perfusion of NPPB the resting potential slightly decreased, from -164+2.7 mV (n = 8) to -149±8.3 mV, (n = 5). The transient hyperpolarization after light off and the depolarizing generator potentials evoked by light on remained unaffected. The generation of APs in Conocephalum was altered by NPPB. It caused a gradual decrease of AP amplitudes regardless whether APs were induced by light on or by electrical stimulation. The rate of potential change in the depolarization phase decreased. This phase was no longer smooth-but there appeared an inflection (Fig. 1 A) . The threshold of excitability rose but the all-or-none law was always fulfilled. First symptoms of NPPB treatment were observed 60-90 min after solution exchange. After 3-4 h of treatment plants became unexcitable.
ZnCl 2 was applied at a concentration of 100 fiM. The resting potential in ZnCl 2 treated plants was -171 ±3.8 mV, and did not significantly change in respect to the control value of -172±4.2mV, (n = 5). The transient hyperpolarization after light off and the depolarizing generator potentials evoked by light on were not influenced by ZnCl 2 . The generation of APs was clearly affected by ZnCl 2 . The amplitude of APs gradually decreased. The depolarization phase was slowed down and an inflection similar to that recorded in NPPB treated plants was observed (Fig. IB) . The beginning of these effects was observed 60 to 80 min after starting perfusion of the inhibitor. The threshold of excitability rose but in none of 5 experiments Zn 2+ completely blocked the excitability. In one of the thalli tested the effects became noticeable only after increasing the ZnCl 2 concentration to 500 /uM.
A-9-C was applied at 2mM. The resting potential in A-9-C treated plants was slightly decreased, from a control value of -170±2.6 raV to -1 6 3 ± 1.5 mV (n= 12). Regarding APs generated by electrical stimulation A-9-C elicited effects comparable to those observed with the other two inhibitors. The amplitude of APs decreased and the depolarization phase was slowed down (Fig. 1C ). This effect was observed 60 to 120 min after the onset of perfusion. In 2 of 12 experiments with A-9-C total inhibition of APs was observed after 4-5 h of incubation. Additional effects of A-9-C compared to the other two inhibitors became obvious after application of light stimuli (see below).
For none of the three inhibitors it was possible to demonstrate reversibility of the observed effects within the time of a single measurement. A washout of the inhibitors lasting 2 h or more did not restore the original excitability threshold or the shapes of APs. in Conocephalum-Obvious changes in the response of the membrane potential to light stimuli were observed already during the first hour of A-9-C perfusion. The membrane hyperpolarization induced by switching the light off (which was sometimes preceded by a transient depolarization) slowly decreased. At the same time, the typical generator potentials caused by illumination decreased and an unexpected rapid voltage transient gradually appeared (n = 14). This is shown in Fig. 2 for a plant in which no AP was induced neither by the generator potential (top) nor by the rapid voltage transient (bottom) occurring due to the A-9-C perfusion. Light-induced rapid voltage Transients (VTs) as shown in Fig. 2 were never observed in the absence of A-9-C. When VTs became large enough they frequently caused the generation of APs. These APs differed in shape from those of untreated plants (Fig. 3) . AP amplitudes were increased by superimposed fast voltage transients (VTs), especially at high light intensities. Longer incubation times (4 to 5 h) with 2 mM A-9-C in some plants blocked excitability to such a degree that VTs could no longer induce APs. Under these conditions the dependence of VT amplitudes on the light intensity was examined in more detail. Fig. 4 presents responses of the membrane potential to light stimuli of increasing intensity for a plant in which APs were blocked by long lasting (4 h) pre-treatment with A-9-C. The dependence of the VT amplitude on the light intensity is obvious. Another possibility to prevent the generation of APs by VTs was the perfusion of TEA (see below) in addition to A-9-C. In Fig. 5 , 2 mM A-9-C plus 10 mM TEA were perfused to illustrate another feature of VTsthe dependence of the amplitude on the duration of the preceding dark period. The amplitude was increased until a maximum was reached at about 5 min of darkening before illumination. The dependence of the VT amplitude on the light intensity and on the preceding dark period was observed in the absence as well as in the presence of TEA.
The effects of A-9-C on light-induced voltage changes
TEA and different Ca 2+ channel blockers were shown to inhibit light-triggered APs as well as APs evoked by electric stimuli in Conocephalum (Trebacz et al. 1989b ). In contrast to APs, light-induced VTs observed after the perfusion of A-9-C were not inhibited by the additional perfusion of 10 mM TEA (Fig. 6 ). The effect of the perfusion of 10 mM TEA in addition to 2 mM A-9-C was a rapid disappearance of electrically triggered APs. Also the large lightinduced VTs did no longer trigger APs under TEA (Fig. 6) . Remarkably, the amplitude of light-induced VTs was nearly doubled in the presence of TEA. When 2 mM LaCl 3 were added to the medium containing A-9-C, electrically triggered APs as well as APs triggered by the light-induced VTs were inhibited within about one hour. However, Responses to electrical and light stimuli in Conocephalum treated first by 2 mM A-9-C and then by 10 mM TEA. 1-an electrically triggered AP 10 min before the treatment; 2-an AP evoked in darkness by an electrical stimulus after 100 min in A-9-C (in the absence of TEA) followed by the response to illumination evoked in the repolarization phase of the AP; 3-a response to an electrical stimulus obtained after 140 min in A-9-C and 20 min in TEA. The last trace-VT evoked after 190 min in A-9-C and 70 min in TEA. Light stimuli (50 ^<E m~2 s" 1 ) were preceded by 5 min in darkness.
the light-induced VTs under A-9-C were not significantly changed by the additional perfusion of 2 mM LaCl 3 (Fig. 7) . Other Ca 2+ channel blockers, like 1 mM Gd 3+ , or nifedipine, verapamil, diltiazem, all 0.1 mM, also did not When an AP has been triggered by electrical stimulation there is a refractory period during which it is not possible to induce another AP by light (Trebacz and Zawadzki 1985) . VTs, unlike APs, could be evoked by light in this refractory period after electrically triggered APs and even during the course of an AP (Fig. 6, 7) . A tenfold increase of the external CaCl 2 concentration of the standard medium from 0.1 to 1 mM did not cause changes in VT amplitudes (data not shown). If this experiment was repeated in the presence of TEA the increase of the external CaCl 2 concentration resulted in an increase of the VT amplitude. In Fig. 8a original recordings are shown for a plant with a relatively small VT amplitude in the presence of TEA. In Fig. 8b the increase of the VT amplitude (n = 5; mean±SE) was plotted as a function of the external Ca 2+ concentration. A change from 0.1 mM Ca 2+ to 1.0 mM Ca 2+ caused an increase of the VT amplitude of 20.6±6.5mV.
Discussion
We used NPPB, ZnCl 2 and A-9-C to investigate the involvement of chloride fluxes in the action potentials (AP) of Conocephalum conicum. These three inhibitors belong to rather different classes of anion channel blockers (for review see : Greger 1992 , Tyerman 1992 , Paulmichl et al. 1993 . Beside the expected inhibition of APs by all three inhibitors (first part of discussion) with A-9-C we observed an unexpected light-induced rapid voltage transient (VT) which was never observed in the absence of A-9-C (second part of discussion).
The involvement of chloride fluxes in APs of Conocephalum-All three anion channel blockers, NPPB, ZnCl 2 and A-9-C inhibited APs in Conocephalum in a similar way. With increasing incubation times the AP amplitudes decreased and the rapid depolarizing phase of the AP was slowed down. The threshold of excitability rose and at very long incubation times (4 to 5 h) excitability eventually could completely vanish (not in case of zinc). To observe these effects relatively large concentrations of anion channel blockers (100 /uM NPPB, 100 nM ZnCl 2 , 2 mM A-9-C) and long incubation times were necessary. To judge these experimental conditions one has to keep in mind that the measurements were performed with intact thalli of the liverwort Conocephalum. This thallus is covered by a layer of relatively small, densely packed cells which hinder a quick equilibration between externally applied inhibitors and their internal concentration. NPPB, Zn 2+ , and A-9-C have been shown to block anion channels in the plasma membrane of different plant cells with a high affinity (Schauf and Wilson 1987 , Keller et al. 1989 , Marten et al. 1992 , Schroeder et al. 1993 , Sauer et al. 1994 .
The results of our experiments with NPPB, ZnCl 2 and A-9-C point to the involvement of Cl" channels in generation of APs in Conocephalum. A chloride efflux is probably responsible for the rapid depolarizing phase of APs and the transiently increased membrane permeability for chloride may determine the AP amplitude. This is in good agreement with recent results obtained with ion-selective microelectrodes during APs in Conocephalum (Trebacz et al. 1994) . Based on these results a model for the ion fluxes during an AP in Conocephalum was developed which is similar to the model for APs in characean cells (Lunevsky et al. 1983 , Tsutsui et al. 1986 , Shiina and Tazawa 1987 , Okihara et al. 1991 , Staves and Wayne 1993 , Kourie 1994 . A transient increase in the cytoplasmic free Ca 2+ concentration causes the opening of Ca 2+ -dependent Cl~ channels in the plasmalemma giving rise to the depolarization phase of the AP. Shiina and Tazawa (1987) and Staves and Wayne (1993) demonstrated that A-9-C inhibits the Cl~ efflux during APs in characean cells. Evidences obtained so far indicate that APs in Conocephalum are based on very similar transient ion conductance changes as in characean cells no matter if evoked by electrical or light stimuli (Trebacz and Zawadzki 1985 , Trebacz et al. 1989b .
The rapid light-induced voltage transients induced by A-9-C-Incubation with A-9-C had additional effects compared to the other inhibitors. APs were inhibited as with NPPB and ZnCl 2 but additionally the light-induced potential changes were altered in a characteristic manner (never observed with NPPB and ZnClJ. While the hyperpolarization of the membrane after light off and the slow depolarization after light on (called generator potential) decreased, a rapid light-induced depolarizing voltage transient (VT) appeared. This alteration of the light-induced membrane potential changes developed significantly faster then the inhibition of APs (compare Fig's 1C, 2 ; see Fig's 6, 7) . The light-induced VTs observed after application of A-9-C showed completely different characteristics compared to light-induced APs (Trebacz and Zawadzki 1985) . The VT amplitudes depended on the light intensity and on the duration of the preceding dark period in contrast to APs. VTs could be evoked during the course of an electrically triggered AP (within the refractory period), and were neither blocked by TEA nor by LaCl 3 which both inhibit APs. This indicates that the ion mechanism of VTs is quite different from that of APs.
However, VTs showed remarkable similarities with light-induced generator potentials in untreated plants (Trebacz et al. 1989a ). The amplitude of generator potentials also depends on the light intensity (Trebacz and Zawadzki 1985, Trebacz et al. 1989a) . Generator potentials may be induced by light onset during the refractory period of electrically triggered APs (Trebacz and Zawadzki 1985) which is also the case for VTs. Both generator potentials and VTs are neither blocked by TEA nor by LaCl 3 (Trebacz et al. 1989b) . Therefore, the rapid light-induced voltage transient observed after application of A-9-C may be interpreted as a modified generator potential. If we understand what happens during a VT we probably also learn something about the light-induced potential changes (in untreated plants). So, lets have a look which ion fluxes and membrane permeability changes could give rise to the light-induced VTs after application of A-9-C.
The involvement of K + fluxes seems to be obvious from the increased VT amplitude in the presence of 10 mM TEA (Fig. 6) , a known K + channel blocker (Tasaki and Hagiwara 1957 , Bentrup 1990 , Stoeckel and Takeda 1993 . With an external K + concentration of 1 mM and a cytoplasmic K + activity of 76 mM (Trebacz et al. 1994 ) a Nernst potential for K + of E K = -HOmV is calculated. In the absence of TEA the maximum depolarization during VTs reached -80 to -70 mV whereas depolarizations up to 0 mV were recorded after addition of TEA (Fig. 6) . Obviously, during a normal VT (in the absence of TEA) there was a transient increase of the membrane permeability for K + which prevented a further depolarization. After addition of TEA this K + conductance was blocked and the depolarization of the membrane potential was nearly doubled. It was probably the membrane depolarization itself which gave rise to the increase of the membrane permeability for K + . K + channels which open upon depolarization (outward rectifiers) have been shown in plasma membranes of many different plants (Kitasato 1973 , Bentrup 1990 , Tester 1990 ). Thus, the VT amplitude was probably limited by the voltage-dependent opening of outward rectifying K + channels. This K + conductance of the plasma membrane of Conocephalum which could be blocked by TEA is likely to be caused by the VT but it did not give rise to the VT. In untreated plants (without A-9-C) the light-induced generator potential is not influenced by TEA (Trebacz et al. 1989b) , as the membrane depolarization is so small that K + channels are probably not activated. Measurements with K + -selective microelectrodes showed a slight decrease of intracellular K + activity during APs which was interpreted as a K + efflux through outward rectifying K + channels during the repolarization phase of APs (Trebacz et al. 1994) . In Chara corallina it has been shown that K + channels open very early after electrical stimulation during an action potential (Ohkawa et al. 1995) .
The question remains which ion flux or transient membrane permeability increase caused the light-induced VTs? An estimation of the Nernst potentials for Ca 2+ and Cls hows that an increased membrane permeability for both would result in a massive depolarization. With an external concentration of 0.1 mM and a cytoplasmic free concentration of 231 nM (Trebacz et al. 1994 ) the Nernst potential for Ca 2+ is E Ca = +76 mV. With an external concentration of 1.2 mM and a cytoplasmic activity of 7.4 mM the Nernst potential for Cl~ is E a = + 4 6 m V . In the presence of 10 mM TEAC1 the Nernst potential for C\~ is decreased to E CI = -lOmV. An additional increase of the external CaCl 2 concentration results in a further decrease of the Nernst potential for Cl~ whereas the Nernst potential for Ca 2+ increases. In the presence of TEA an increase of the external CaCl 2 concentration from 0.1 mM to 1.0 mM resulted in an increase of the VT amplitude by 20.6±6.5 mV (Fig. 8) which within the error limits came close to the expected increase in the Nernst potential for Ca 2+ (27 mV). A tenfold increase of the external Ca 2+ concentration in the absence of TEA (from 0.1 to 1 mM CaCl 2 ) had no effect, as under these conditions the VT amplitude was probably limited by the opening of voltage-dependent outward rectifying K + channels, as discussed above. These results indicate that a transient increase in the Ca 2+ permeability of the plasma membrane is responsible for the lightinduced VT. In contrast to this none of the Ca 2+ channel blockers tested, namely La 3+ (Fig. 7) , Gd 3+ , nifedipine, verapamil or diltiazem, influenced light-induced VTs. Further experiments with other types of Ca 2+ channel inhibitors and the substitution of Ca 2+ by other divalent cations should help to solve this discrepancy.
It is puzzling why the other anion channel inhibitors (NPPB and Zn 2+ ) did not change the light-induced membrane potential changes. As all three anion channel inhibitors tested had the same effect on action potentials in Conocephalum, and only A-9-C caused light-induced VTs, it seems to be the simplest assumption that besides blocking an anion channel in the plasma membrane A-9-C had some additional effects, i.e. was less specific. It may for example interfere with the signalling pathway from the thylakoid membrane to the plasma membrane. It becomes more and more obvious that anion channels play an important role in signal transduction in plant cells (Schroeder 1995) . In Eremosphaera viridis A-9-C (as well as Zn 2+ and NPPB) activates an inward rectifying cation channel which is permeable for divalent cations (Sauer et al. 1993 ). Bulychev and Vredenberg (1995) recently observed a light-triggered rapid transient depolarization in the liverwort Anthoceros after application of uncouplers. The authors suggest that this depolarization is caused by a temporary inhibition of the plasma membrane H + -ATPase with a subsequent activation of ion channels.
The light-dependence of the VT and the generator potential (in the absence of A-9-C) show some similarities to photoreceptor potentials which are observed in flagellated green algae (Harz and Hegemann 1991) as well as in invertebrates (Mojet 1993) . These photoreceptor potentials depend on the light intensity and the preceding dark period, and are due to a conductance increase which mediates an influx of Ca 2+ .
Conclusions
The inhibition of action potentials (AP) by three different anion channel blockers corroborates the view that Clf luxes play an important role for the generation of APs in the liverwort Conocephalum. In addition A-9-C gave rise to a light-induced transient depolarization of the plasma membrane (VT). Due to the opening of voltage-dependent outward rectifying K + channels this depolarization was limited to -70 mV in the absence of TEA. The lightinduced VTs may be interpreted as a kind of modified generator potential.
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